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Service , 1993; Iowa Agricultural Statistics, 1996) . With proper management, this material can be an excellent source of nutrients for crop production, but with poor management it can also be a major source of pollution (Bakhsh et al., 1999) . The potential for environmental problems with swine manure increases in areas where swine manure is applied to the fields continuously. To develop better manure management guidelines for these areas, additional information is needed to quantify the impact of swine manure on crop yield and quantities of residual soil nitrate-nitrogen (NO 3 -N) (Gangbazo et al., 1997; Kanwar et al., 1995; Bakhsh et al., 2000a) . Developing strategies to reduce nitrate leaching requires a complete understanding of all factors contributing to N losses from the crop root zone. This includes the amount of residual soil NO 3 -N after crop harvest, which depends on the management systems (Bakhsh et al., 2000b) . Kanwar et al. (1985) reported on tillage and inorganic fertilizer application effects, but information for liquid swine manure is not available. With regard to crop rotation, Howard et al. (1998) showed that corn yield was increased by 14% and soybean yield by 11% when the crops were grown in rotation rather than continuously. Karlen et al. (1994) , Kanwar et al. (1997) , and Karlen et al. (1998) reported similar effects with regard to crop rotation, but none of the studies utilized liquid swine manure as the nutrient source. Continuous corn production has also been shown to increase NO 3 -N concentrations in the soil profile with inorganic fertilizer (Kanwar et al., 1997; Porter et al., 1997; Anderson et al., 1997) , but similar studies with liquid swine manure have not been reported.
The primary factors controlling the amount of NO 3 -N leaching from the root zone are the availability of soil nitrate after accounting for plant N-uptake and the amount of water percolating through the soil profile, both of which depend on climate and management practices (Staver and Brinsfield, 1990; Serem et al., 1997; Durieux et al., 1995) . The interaction between the different sources of nitrogen supply (liquid swine manure or urea ammonium nitrate solution (UAN)), climate, and crop production systems (continuous corn or corn after soybean) and their effects on the residual soil nitrate and crop yields have been documented in only a few studies. Therefore, the objectives of this study were to evaluate the effects of liquid swine manure and UAN-fertilizer applications on the residual soil NO 3 -N mass accumulated in the root zone and crop yields under continuous corn and corn after soybean production systems.
METHODS AND MATERIALS
The experimental site is located at Iowa State University's northeastern research center near Nashua, Iowa, on Floyd loam (fine-loamy, mixed, mesic Aquic Hapludolls), Kenyon silty clay loam (fine-loamy, mixed, mesic Typic Hapludolls), and Readlyn loam (fine-loamy, mixed, mesic Aquic Hapludolls) soils. These soils contain 30 to 40 g kg Ϫ1 (3 to 4%) organic matter, are moderately well to poorly drained,have a seasonally high water table (Voy, 1995) , and benefit from subsurface drainage systems. The site also has approximately 60 m of pre-Illinoian till overlying a carbonate aquifer, although in some areas bedrock is near the surface.
The experimental site has 36 plots (58.5 by 67 m) with fully documented tillage and cropping records for the past 20 years. From 1978 through 1992, these plots were in a randomized complete block design with four tillage treatments (ridge-tillage, moldboard, chisel, and notill) and cropping systems consisting of either continuous corn or a corn-soybean rotation. In 1993, the study was changed to include only two tillage treatments (chisel or no-till) in order to accommodate N-management treatments with UAN or liquid swine manure. Following the conversion, 18 plots were used to study six Nmanagement systems: (i) continuous corn fertilized with UAN (CCF), (ii) continuous corn with liquid swine manure (CCM), (iii) corn after soybean with UAN (CSF), (iv) corn after soybean with swine manure (CSM), (v) soybean after corn with UAN applied to only the corn crop (SCF), and (vi) soybean after corn with swine manure applied only to the corn crop (SCM). Single preplant spring application of UAN solution fertilizer was made using a spoke injector, which injects at about 200-mm intervals and at 250 mm from corn rows (Baker et al., 1989) . Liquid swine manure was injected in the fall and plots were then chisel plowed within a week to mix manure in the top 100 to 150 mm of soil. Corn, whether fertilized with UAN or liquid swine manure, was planted in 750-mm rows into a seedbed prepared by fall chiseling and field cultivating in the spring. Soybean was drilled in 200-mm rows directly into corn stover from the previous year. The same varieties of corn (Golden Harvest 2343) a and soybean (Sands of Iowa 237) a were grown during the 6-year experiment.
The detailed schedule of management activities for this study is given in Table 1 . This SOIL SCIENCE experimental field study was started in 1993 to evaluate the impact of liquid swine manure and UAN-fertilizer applications on NO 3 -N concentrations in the soil profile under continuous-corn (CC) and corn-soybean rotations (CS). Liquid swine manure was obtained from a manure pit under a growing/finishing building. The actual rates of N-application from UAN and swine manure under continuous corn and corn-soybean production systems are given in Tables 1 and 2 . The application rates of actual-N from liquid swine manure were not consistent from year to year because of the variability in the quality of swine manure in terms of solid concentrations and the available form of ammonia and NO 3 -N levels in the manure at the time of application. For summarizing the experiment over years, however, data for the final 3-year period (1996 to 1998) were used for analysis because this period of study received more uniform applications of N from swine manure ( Table 2) .
Profile soil NO 3 -N concentrations were measured for the top 1.2 m, at three locations spaced at least 15 m apart in the central 25% of each plot (58.5 by 67 m). Soil samples were collected about 1 to 2 weeks before planting and about 2 weeks after harvest (Table 1 ) using zero contamination tubes (plastic liner inside) that were 1220 mm long and 22.2 mm in diameter. Soil compaction in each core was measured at 300-mm increments by comparing the depth to the soil surface inside and outside of the core. The samples were frozen immediately after collection. They were subsequently thawed, fractionated into four to seven depth increments, compensated for soil compaction, and composited for the three sampling locations within each plot. The composite samples were sieved, subsampled to determine gravimetric water content and for extraction with 2 M KCl, and were analyzed spectrophotometrically using a Lachat Model AE ion analyzer to determine NO 3 -N concentrations (Bjorneberg et al., 1998) . The data were reported as mg kg Ϫ1 (ppm) NO 3 -N in the soil. The NO 3 -N concentrations per unit mass of soil (ppm) were multiplied by the corresponding depth of soil (cm) and bulk density (g cm Ϫ3 ) and were divided by 10 (conversion factor) to calculate the NO 3 -N mass (kg N ha Ϫ1 ) for that soil horizon. The calculated NO 3 -N mass for each depth increment was summed to determine the total NO 3 -N mass for the entire 1.2-m-deep soil profile. Corn and soybean yield data were collected from each plot, tested for moisture content, and adjusted to a constant water content of 155 g kg Ϫ1 (15.5%) for corn and 130 g kg Ϫ1 (13%) for soybean. Grain yield for each plot was measured using a modified commercial combine with all stover left in the field (Bjorneberg et al., 1998) . Crop yield and residual soil NO 3 -N data for the six treatments were analyzed using a randomized complete block design. Analysis of variance (ANOVA) tables were developed using SAS Version 6.1 (SAS, 1989) , and least significant difference (LSD 0.05 ) method was used to compare treatment mean values. Cropping system effects on crop yields were evaluated on a yearly basis, as well as on average values for 3 years, with data from corn and soybean analyzed separately. The changes in residual soil nitrate over winter months, after crop harvest in the preceding year to before planting in the following year (Table 1) , were compared using LSD 0.05 to see treatment effects on the storage of soil nitrates levels in the soil profile when crops were not growing.
RESULTS AND DISCUSSION
The average N-application rates from liquid swine manure for both rotated (97 kg-N ha Ϫ1 ) and continuous corn (123 kg-N ha Ϫ1 ) plots were much closer to the target levels of 110 and 135 kg N ha Ϫ1 for the period 1996 through 1998 (Table  2 ) than during the first 3 years (1993 through 1995) when N application rates averaged 175 and 197 kg ha Ϫ1 , respectively. Therefore results and conclusions were derived using data for the last 3 years. An analysis of variance for that 3-year period (1996) (1997) (1998) showed that the cropping system had a significant (P ϭ 0.05) effect on residual soil nitrate and a highly significant effect (P ϭ 0.01) on corn grain yield (Table 3) . The cropping system effect on soybean yield was not significant (P ϭ 0.05) because no N-fertilizer was applied. The season (year) effect was highly significant (P ϭ 0.01) for both residual soil nitrate and crop yield, possibly because of weather differences. The monthly growing season rainfall data for this 3-year study period (Fig. 1) , available from the on-site weather station, showed that 1998 was wet with a growing season rainfall of about 980 mm. This compares with the normal amount, which is about 840 mm (Voy, 1995) . During 1996 (680 mm) and 1997 (750 mm), seasonal rainfall was below normal.
Post harvest residual soil NO 3 -N varied from year to year, from the lowest average value of 15 kg-N ha Ϫ1 in 1996 to the highest average value of 39 kg-N ha Ϫ1 in 1997, because of weather differences over the years (Table 4 ). In 1996, rotated plots under soybean fertilized with either UAN or swine manure to corn phase of production showed significantly (P ϭ 0.05) higher residual soil NO 3 -N (24 to 28 kg-N ha Ϫ1 ) than all other treatments (Table 4) . However, no such significant difference among treatment means was observed in 1997, which may have been the result of low rainfall for this year as well as low rainfall and low corn grain yields in the preceding year of 1996 (Fig. 2) . Such weather effects on soil NO 3 -N have also been reported by Randall, (1998) . In 1998, the rotated plots under soybean showed significantly (P ϭ 0.05) higher residual soil NO 3 -N than rotated plots under corn, by 71% (24 vs. 14 kg-N ha Ϫ1 ), when fertilized with UAN and showed a nonsignificant difference of 21% (23 vs. 19 kg-N ha Ϫ1 ) with swine manure application.
When averaged across 3 years from 1996 through 1998, residual soil NO 3 -N to a depth of 1.2 m was variable, ranging from 18 to 32 kg N ha Ϫ1 after harvest (Table 4 ). The lowest residual NO 3 -N amounts (18 to 20 kg N ha Ϫ1 ) were measured in plots where corn was grown in rotation with soybean. This reflected a higher N-uptake rate because of higher grain yields associated with rotated corn. The highest amount of residual soil NO 3 -N (32 kg-N ha Ϫ1 ) was measured in plots under soybean after corn and also in continuous (1993 to 1995) and also because of the slow release of N from manure in the years following application (Andraski et al., 2000; Bandel and Fox, 1984; Beauchamp, 1983) . In this study, post-harvest residual soil NO 3 -N was often found to be the same or higher after soybean than after corn even though no additional N was applied before planting soybean (Table 4) . This suggests that annual fertilizer or manure application rate is not the controlling factor for residual soil NO 3 -N, but rather it is the inorganic/organic soil N pool and its mineralization processes and the effect of changing rainfall patterns from year to year (Gentry et al.,1998; Cambardella et al.,1999; Randall, 1998) . Corn yield for the various N-management treatments showed statistically significant (P ϭ 0.05) differences for 3 years (Fig. 2) . Soybean, which was grown in rotation but without additional manure or UAN fertilizer, showed no significant yield differences (Fig. 3) . Grain yields for the continuous corn treatments were always numerically and usually statistically lower than when corn was rotated with soybean. For example, grain yield for UAN and manure treatments averaged 7.8 versus 7.5 Mg ha Ϫ1 , for continuous corn and 9.4 and 8.9 Mg ha Ϫ1 for rotated corn (Table 4) .When averaged for 3-year period, continuous corn yield was about 17% (7.8 vs. 9.4 Mg ha Ϫ1 ) lower than the yields measured for rotated corn fertilized with UAN. This response was consistent for manure treatments, which showed 16% (7.5 vs. 8.9 Mg ha-1) less yield for continuous corn than rotated corn. This very significant reduction in grain yield for continuous corn agrees with numerous other studies (Karlen et al., 1994; Kanwar et al., 1997; . The lower yields for continuous corn plots can be associated with lower plant N-uptake because these plots also showed 33% (24 vs. 18 kg-N ha Ϫ1 ) and 50% (30 vs. 20 kg-N ha Ϫ1 ) higher residual soil NO 3 -N than plots under rotated corn for both UAN and swine manure management systems, respectively (Table 4 ). This demonstrates clearly that continuous corn production is simply not as efficient as growing corn with soybean because of significant differences in yield and post-harvest residual soil NO 3 -N levels.
In addition to the effects of climate on crop yield, the amount of rainfall has a major effect on the fate of the residual soil NO 3 -N. This is especially true for the rainfall after harvest, which has been reported to be a major factor responsible for flushing of NO 3 -N from the root zone (Cambardella et al., 1999; Staver and Brinsfield, 1990) . The changes in residual soil NO 3 -N during the winter months varied from year to year because of confounding factors of climate and different N application rates from swine manure, particularly during the early 3-year period (1993 to 1995) of 
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study. The net changes in residual soil NO 3 -N over winter reflect the net effect of mineralization, immobilization, denitrification, and leaching during that period (Durieux et al., 1995) . The average maximum gain of 25 kg-N ha Ϫ1 in residual soil NO 3 -N was observed after the 1996/1997 winter, and a maximum loss of -8 kg-N ha Ϫ1 occurred during the winter of 1997/1998 (Table 5) . The reason for these variations may be less rainfall for 1996 (19% less than normal) and more rainfall for 1998 (17% more than normal), particularly during the early spring period (Fig. 1 ) when crops were not growing. The rotation effect also resulted in significant (P ϭ 0.05) gains (39 vs. 13 kg-N ha Ϫ1 ) and nonsignificant greater levels (37 vs. 18 kg-N ha Ϫ1 ) of residual soil NO 3 -N than in continuous corn plots over the 1996/ 1997 winter for both UAN-and manure-applied corn plots, respectively (Table 5 ). However, this rotation effect was not significant for the other two winter seasons (1995/1996 and 1997/1998) because of weather differences.
For the treatments receiving swine manure (CCM or CSM) or presumably drawing soil NO 3 -N from a residual organic N pool contributed to by previous manure applications (SCM) or that were the result of higher N-application rates to corn during the early 3 years (1993 to 1995) of the study, the average greater levels of profile NO 3 -N for the last 3 years, to a depth of 1.2 m, were 14, 23, and 0 kg-N ha Ϫ1 , respectively (Table 5) . Rotation plots that received UAN for the corn crop showed an average greater level of residual soil NO 3 -N of 10 kg-N ha Ϫ1 in plots where soybean was grown the previous year and 8 kg-N ha Ϫ1 in plots where corn had been grown. Average values for the continuous corn plots fertilized with UAN showed a slight lower level (Ϫ3 kg ha Ϫ1 ). On average, the plots fertilized with swine manure resulted in greater levels of residual soil NO 3 -N, 12 versus 5 kg-N ha Ϫ1 , over the winter months compared with plots fertilized with UAN. The relatively greater level of residual soil NO 3 -N in plots fertilized with liquid swine manure reflects the net mineralization effect that occurred between those two sampling dates (fall of preceding year and spring of the following year). The average slight greater level of soil NO 3 -N in CSF than in SCF plots (10 vs. 8 kg N ha Ϫ1 ) reflects mineralization of soybean roots and residue rather than corn residues. These greater levels of residual soil NO 3 -N between late fall and early summer are one of the most potentially damaging environmental aspects of fall manure or anhydrous ammonia (Kidwaro and Kephart, 1998) applications. Although the NO 3 -N could be taken up by a subsequent corn crop, relatively high rainfall (Fig. 1) during May, June, or early July before the corn root system was fully developed could easily result in substantial NO 3 -N leaching out of the root zone. To prevent these potentially adverse environmental effects and increase corn yields, manure and fertilizer management strategies that synchronize N mineralization and plant need for NO 3 -N must be developed.
CONCLUSIONS
A field study was conducted for 6 years (1993 to 1998) to determine the impact of liquid swine manure application on crop yields and accumulation of residual soil nitrate in the root zone compared with UAN application under continuous corn and corn after soybean production systems. However, the data were analyzed for the last 3 years (1996 to 1998) because of more uniform N-application rates from swine manure for these years than during the early 3-year period (1993 to 1995) . The following conclusions, based on the last 3 years data analyses, were derived: (i) The effect of swine manure application resulted in 25% (30 vs. 24 kg-N ha Ϫ1 ) higher residual soil NO 3 -N in the root zone with 4% less corn grain yield by (7.5 vs. 7.8 Mg ha Ϫ1 ) compared with UAN fertilized plots under continuous corn production system.
(ii) The rotated corn grain yield was significantly (P ϭ 0.05) higher than continuous corn under the N-management systems of both UAN (9.4 vs. 7.8 Mg ha Ϫ1 ) and swine manure (8.9 vs. 7.5 Mg ha Ϫ1 ). The rotation effect also reduced the residual soil NO 3 -N by 25% (18 vs. 24 kg-N ha Ϫ1 ), and 33% (20 vs. 30 kg-N ha Ϫ1 ) under UAN and manure management systems, respectively.
(iii) On average, plots fertilized with swine manure resulted in greater levels of profile NO 3 -N (12 vs. 5 kg-N ha Ϫ1 ) than UAN-applied plots, showing the net effect of mineralization over winter months (from post-harvest in the preceding year to pre-plant the following year).
Abbreviations: UAN urea ammonium nitrate solution fertilizer; NO 3 -N nitrate-nitrogen; CCF continuous corn fertilized with UAN; CCM continuous corn fertilized with liquid swine manure; CSF corn after soybean fertilized with UAN; CSM corn after soybean fertilized with liquid swine manure; SCF soybean after corn with UAN applied to only corn; SCM soybean after corn with liquid swine manure applied to only corn; RSN post-harvest residual soil NO 3 -N mass in the top 1.2 m soil; SAS statistical analysis system; LSD 0.05 least significant difference at P ϭ 0.05;
